Colorectal cancer (CRC) is one of the most common malignant tumors worldwide, which is a heterogeneous disease and main risk factors are associated with inflammation, family history, genetic mutations, epigenetics, and so on. Ring finger domain proteins have been reported involved in carcinogenesis, whereas their roles in CRC are rarely studied. Here, we reanalyzed the expression of 202 RNF family members in CRC using published microarray data from GEO database and found that RNF183 is markedly upregulated in tumor tissues. RNF183 high expression is significantly associated with tumor size (P = 0.012), tumor invasive depth (P = 0.004), TNM stage (P = 0.01), and distant metastasis (P = 0.009). CRC patients with high expression of RNF183 have poor overall survival (Po0.001) and progression-free survival (Po0.001). Functional studies suggest that RNF183 facilitates growth, migration, and invasion of CRC cells in vitro and promotes tumor proliferation and metastasis in vivo. Mechanistically, RNF183 activates NF-jB signal pathway through P65 and stimulates the transcription of multifunctional chemokine IL-8. Blockage of NF-jB by small molecule inhibitor or depletion of IL-8 by siRNA attenuates the function of RNF183 to promote cell migration. Moreover, the regulation of RNF183 on IL-8 transcription and cell viability/motility is dependent on its E3 ubiquitin ligase activity. Our study provided proof of principle to show that RNF183 promotes proliferation and metastasis of CRC cells via activation of NF-jB-IL-8 axis. Cell Death and Disease (2017) 8, e2994; doi:10.1038/cddis.2017.400; published online 10 August 2017
Colorectal cancer (CRC) is the third most common malignancy of cancer morbidity worldwide. 1 The overall neoplastic lethality rate of CRC is~50%. 1 The mechanisms underlying CRC is complex and many key pathways and genes are involved, including APC, Wnt, β-catenin, EGFR/RAS/RAF/MEK, TFG-β, and so on. 2, 3 Although targeted drugs such as anti-EGFR monoclonal antibodies cetuximab and panitumumab have been use for the treatment of metastatic colorectal cancer (mCRC), o20% of mCRC patients with wild-type KRAS benefit from these drugs when they were used as monotherapy. 4, 5 On the other hand, targeting downstream kinases of EGFR, such as BRAF and MEK, shows less efficacy in CRC therapy. 4, 6 Thus, it is critical to discover new mechanisms that drive the initiation and development of CRC to provide new targets for therapy.
The RING finger (RNF) protein family is a complex set of proteins containing a RNF domain, which typically includes 40-60 amino acids. 7 More than 200 RNF family genes have been identified, and many of which exhibit wide range of functions in different biological and pathological processes. 8 Many RNF family members have been reported to play key roles in carcinogenesis and development. For instance, RNF31 is a subunit of linear ubiquitin chain assembly complex (LUBAC) and is affected by germline polymorphisms among activated B-cell-like subtype of diffuse large B-cell lymphoma patients (~7.8%), which increase LUBAC enzymatic activity thus in turn activate NF-kB and promote tumorigenesis. 9 Highfrequent mutation of RNF43 is observed in gastrointestinal cancer including CRCs and cystic pancreatic tumors, which sensitize tumor cells to Wnt inhibitors. 10, 11 Identification of more RNF family members associated with cancer, including colorectal carcinoma, will help to understand the process of carcinogenesis and to develop new therapeutic strategies.
In the current study, we reanalyzed GEO data set GSE8671 and compared the expression of 202 RNF family genes between colorectal adenoma and adjacent normal tissues. Our analyses revealed significant increased expression of RNF183 in tumor tissues. Although RNF183 is found upregulated in inflammatory bowel disease (IBD), a disease highly associated with CRC, and activates classic NF-kB pathway, [12] [13] [14] its role in cancer cells remains largely unknown. Here, we report that RNF183 is an independent prognostic factor in CRC patients, and high RNF183 level is closely related to tumor size, invasive depth, TNM stage and distant metastasis. RNF183 upregulates the expression of multifunction chemokine IL-8 through NF-kB pathway and promotes cancer cell growth, migration, invasion and metastasis in vitro and in vivo. Therefore, our study indicates that RNF183 is a CRC associated gene and could serve as a target for the development of new therapeutic strategies.
Results

RNF183 is upregulated in CRC.
To identify RNF members that are aberrantly expressed in CRC, we compared gene expression of 202 RNF genes between cancerous and normal adjacent tissues using GEO data set GSE8671. The analysis showed that 70 RNF family members are elevated in CRC tissues (Figure 1a) . The top two genes among these upregulated RNF members, RNF206/TRAIP and RNF90/ TRIM7 have been reported to drive tumor formation. 15, 16 RNF183 ranks the third in all elevated genes with unknown function in CRC, and was chosen for further analysis. Quantitative RT-PCR experiment in 15 paired CRC and corresponding normal tissues confirmed elevated RNF183 mRNA level in cancerous tissues (Figure 1b) . Furthermore, we detected the level of RNF183 protein in 135 paired CRC Figure 1 The expression of RNF183 is elevated in human colorectal cancer tissues. (a) Reanalyzing the expression of RNF family members between normal and tumor tissues in CRC from GEO data set GSE8671. (b) The relative mRNA expression of RNF183 was evaluated by RT-PCR in 15 paired human normal colorectal tissues and CRC tissues. (c) IHC staining of RNF183 expression in CRC tissues and adjacent normal mucosal tissues. Scale bar: 100 μm (×10) or 50 μm × (40). (d) IHC analyses of RNF183 in paired CRC cancerous and noncancerous tissues from 135 patients. (e and f) Kaplan-Meier survival analysis of the association between RNF183 expression and overall survival (e) or progression-free survival (f) in 135 patients. P-value was determined by long rank test. ***Po0.001 RNF183 promotes proliferation and metastasis of CRC R Geng et al tissues using immunohistochemistry (IHC), and the staining was scored for each sample (four intensity levels: 0-3; Supplementary Figure 1 ). The expression of RNF183 is significantly higher in tumor tissues than in adjacent nontumor tissues (Figures 1c and d ). High and low RNF183 staining was observed in 80 (59.3%) and 55 (40.7%) CRC tissue samples, respectively (Table 1) . RNF183 high expression was significantly associated with tumor size (P = 0.012), tumor invasive depth (P = 0.004), TNM stage (P = 0.01), and distant metastasis (P = 0.09) ( Table 1) . Kaplan-Meier survival analysis showed that patients with high RNF183 expression had shorter overall survival (OS, Figure 1e ) and progress-free survival (PFS, Figure 1f ). Multivariate Cox proportional hazards regression analysis showed that RNF183 level is an independent prognostic factor for PFS (Po0.05, hazard's ratio (HR) = 0.384, 95% CI = 0.172-0.861) and OS (Po0.05, HR = 0.364, 95% CI = 0.159-0.831) ( Table 2 ).
RNF183 accelerates the growth of CRC cells. As unlimited growth, invasiveness, and metastasis are hallmarks of malignancy, 17 we tried to explore the role of RNF183 in progression of CRC. The endogenous RNF183 expression is higher in CRC cells than in NCM460, a normal colorectal epithelial cell (Figure 2a) . We silenced RNF183 expression in DLD-1 and HCT116 cells, and the knockdown efficiency is shown in Figure 2b . RNF183 knockdown suppressed the growth of DLD-1 and HCT116 cells (Figure 2c ), whereas RNF183 overexpression accelerates the proliferation of both cell lines in MTT assays (Figure 2d ). Furthermore, colony formation assay shows that RNF183 silencing significantly reduced size and number of colonies (Figure 2e) , and its enforced expression shows opposite phenomenon (Figure 2f ). These results indicated that RNF183 promotes cell growth in vitro.
We next investigated whether RNF183 affects the proliferation of CRC cells in vivo. Control and RNF183 stable overexpression DLD-1 cells were subcutaneously injected into BALB/c nude mice to generate xenograft tumors. The results showed that RNF183 enforced expression significantly promote tumor growth (Figure 2g ). Tumors with RNF183 overexpression have larger size and higher weight than control tumors (Po0.01) (Figure 2h ). 12 so we performed qPCR to evaluate the influence of RNF183 on several NF-kB downstream targets. RNF183 knockdown repressed the transcription of IL-8, IL-6, COX2, iNOS as well as IL-1β, and the reduction of IL-8 is the most significant among these genes (Figure 5a ). ELISA assays confirmed that RNF183 knockdown markedly decreased the level of secreted IL-8 in HT116 and DLD-1 cells (Figure 5b) . On the contrary, RNF183 enforced expression significantly induced IL-8 level at both mRNA and protein level in DLD-1 cells (Figure 5c ). Elevated IL-8 transcription was also observed in DLD-1 xenograft tumors with RNF183 overexpression (Figures 2g and 5d) .
In order to elucidate whether NF-kB is required for RNF183 to induce IL-8 transcription, we performed luciferase assays using wild-type IL-8 promoter (IL-8-Luc) or IL-8 promoter with NF-kB binding site deletion (IL-8-△NF-kB-Luc). As shown in Figure 5e , RNF183 activates IL-8-Luc but not IL-8-△NF-kBLuc, suggesting that NF-kB is indispensable for RNF183 to regulate IL-8 transcription. Furthermore, we assessed the effect of RNF183 on the expression of several key proteins in NF-kB pathway. Among all tested proteins, P65 was significantly suppressed or evaluated according to RNF183 knockdown or overexpression (Figure 5f ), respectively. As P65 is a core transcriptional factor drives IL-8 expression, we detected the enrichment of this protein on IL-8 promoter. Chromatin immunoprecipitation (ChIP) assays were performed and increased binding of P65 on IL-8 promoter was found upon RNF183 enforced expression (Figure 5g) . Finally, IHC staining showed a positive correlation of RNF183 and P65 protein level in 40 CRC tissue sections (Figure 5h ). Taken together, these data suggest that RNF183 induced P65 expression and subsequent NF-kB activation is responsible to stimulate IL-8 transcription in CRC cell, xenograft and pathological tissues.
The oncogenic function of RNF183 is dependent on NF-jB-IL-8 axis. Encouraged by the above results, we decided to challenge whether targeting NF-kB-IL-8 axis could attenuate the oncogenic function of RNF183. We treated DLD-1 cells with NF-kB inhibitor BAY11-7085, and found that this compound could inhibit RNF183 overexpression induced cell migration (Figure 6a ) and invasion (Figure 6b) . In another assay, transfection of IL-8 targeted siRNA inhibits RNF183 induced migration of DLD-1 cells (Figure 6c) , and reduced IL-8 secretion is confirmed by ELISA assay (Supplementary Figure 2) . As expected, this phenomenon was rescued by adding recombinant IL-8 protein to the culture medium of knockdown cells (Figure 6c) , suggesting an oncogenic role of IL-8 as previously reported. 18, 19 Next, we generated a truncated form of RNF183 (RNF183-mut) without E3 ubiquitin ligase activity by deleting its RING domain (amino acids 1-59), and compared its function with wild-type RNF183. This truncation largely abolished the function of RNF183 in activating IL-8 promoter (Figure 6d ) and promoting the growth (Figure 6e ), colony formation (Figure 6f ), and migration (Figure 6g ) of HCT116 cells. These results thus suggest that the oncogenic function of RNF183 is largely dependent on its E3 ubiquitin ligase activity to regulate NF-kB-IL-8 axis.
Discussion
Overwhelming evidences have shown that inflammation has crucial roles in tumor development, including initiation promotion, malignant conversion, invasion, and metastasis. 20 Studies even show that inflammatory responses can eliminate the effects of cancer therapy. 21 A classic inflammation-driven cancer is a subtype of CRC named colitis-associated colon cancer (CAC), which is usually developed from IBD. 14, 22 Other subtypes of colorectal tumor also demonstrate vigorous RNF183 promotes proliferation and metastasis of CRC R Geng et al inflammation and aberrant high level of inflammatory cytokines. 23, 24 Moreover, a large proportion of CRC tumors and CRC cell lines exhibits increased activity of NF-kB signal pathway. 25 However, the underlying molecular mechanism that drive the hyperactivation of inflammatory responses in CRC remains largely unknown.
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Previous study indicated that RNF183 is upregulated in intestinal epithelial cells of IBD patients and TNBS-induced colitis mice. 12 In our study, we provided evidences to show that RNF183 is aberrantly overexpressed in CRC cell lines and tissues. Patients with high expression of RNF183 have shorter OS and PFS, indicating that RNF183 could serve as an independent prognostic factor in CRC. Enforced expression of RNF183 promotes proliferation, invasion, and metastasis of tumor cells, whereas opposite phenomenon were observed in RNF183 knockdown experiments, indicating that RNF183 functions as an oncogene in the pathological process of CRC. Elevated expression of RNF183 in both IBD and CRC suggested a possibility that RNF183 may contribute to the transformation from inflammation to malignancy. In IBD, RNF183 activates NF-kB pathway through ubiquitination and degradation of IkBα; 12 In CRC cells, we found that RNF183 induced IL-8 expression in an E3 ubiquitin ligase-dependent manner. IL-8 is transcriptional controlled by transcription factors NF-kB and AP-1, 18 and we confirmed that RNF183 increased the abundance of NF-kB transcription factor P65 and its enrichment to IL-8 promoter in CRC cells. In accordance with previous reports that NF-kB signal pathway and its downstream chemokine IL-8 contributes to inflammation and to every step of CRC progression proliferation, migration and invasion, [26] [27] [28] we found that NF-kB inhibition and IL-8 depletion eliminates the tumor-promoting activity of RNF183.
Taken together, our data indicate that RNF183 contributes to the transformation from inflammation to malignancy in CRC, and predicts the application of NF-kB inhibitors or IL-8 antagonists for precision therapy of CRC with elevated RNF183 expression.
Materials and Methods
Bioinformatics analyses. The expression of RNF family genes were downloaded from GEO database (https://www.ncbi.nlm.nih.gov/geo/) under the accession number GSE8671. The significance of gene expression between normal and tumor tissues were calculated using Excel 2007. The heatmap was drawn using Cell viability assay. Cell growth was monitored by MTT assay. Treated or control cells at a density of 3 × 10 3 per well were grown in the 96-well plates in 0.1 ml full medium at 37°C for 24 h. Each indicated set had six duplicated wells, and MTT assays were repeated three times according to the manufacturer's protocol. 29 Colony formation assays were in triplicate and conducted in six-well flat-bottom plates. The number of visible colonies was counted after staining with 5% crystal violet.
Migration and invasion assay. Cells were plated into the upper chamber with 8 µm pore (BD Falcon, Franklin Lakes, NJ, USA) at a density of 1 × 10 5 per well. Chambers without or with Matrigel matrix for cells migration or invasion assays were inserted into matching 24-well plate containing MC5A 20% FBS. Cells in the chamber were cultivated without fetal bovine serum. After 20 h, migrated or invasive cells adhering to the lower surface of chamber were fixed and stained with 5% crystal violet and were counted in five fields of microscope.
Stable cell lines. For the overexpression experiments, HCT116 and DLD-1 cells were transfected with pcDNA4-myc/his-RNF183 or empty vector pcDNA4-myc/ his using Lipofectamine2000 (Invitrogen, Grand Island, NY). After 48 h, the RNF183 stable cells were selected by 300 µg/ml zeocin (Invitrogen) for additional 12 days. The culture medium was renewed every 3 days. For the knockdown experiments, RNF183 and control shRNA lentiviral vector was generated by GenePharma (GenePharma Corporation, Shanghai, China). Lentiviral vectors were transfected into HCT116 and DLD-1 cells prior to 3 µg/ml puromycin selection for 3 days. The stable RNF183 overexpression and knockdown cells were confirmed with qPCR and western blots.
Luciferase reporter assay. Dual-Luciferase Reporterassays (Promega) were performed according to the manufacturer's instruction. In brief, HCT116 cells were planted in 24-well plate 24 h prior to the transfection. After another 48 h, Luciferase Assay Reagent II (LAR II) and Stop & Glo Reagent sequentially, and the dual luciferase activity was measured. 30, 31 Xenograft tumor growth model. All animal experiments were conducted according to the institutional ethical and safe guidelines (Institutional Animal welfare and Ethics Committee, Sun Yat-sen university cancer center, Guangzhou, China). In total, 5-6-week-old female BALB/c nude mice were used in the experiments (SLAC laboratory animal lnc, Shanghai, China). WT-RNF183 stable overexpressed and Control DLD-1 xenograft model sets were established using 1 × 10 6 cells injection into the right flanks of subcutaneous tissue of mice. Tumor length and width and mice weight were measured every 2-3 days until the experiment was ended. The tumor volume was calculated based on the conventional formula: V = (L × W 
